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Abstract
Conservation of species that are patchily distributed must consider processes that influence both the occurrence of
individuals within patches, and the persistence of populations across multiple habitat patches within the landscape. Here
we present a rare regional assessment of the population size and distribution of a patchily distributed, threatened species,
the purple-crowned fairy-wren (Malurus coronatus coronatus), across a vast landscape. We used data from aerial vegetation
mapping of waterways, with on-ground bird surveys to predict the occurrence of suitable habitat for M. c. coronatus across
14 catchments in the Kimberley region of Western Australia. Suitable habitat was extremely limited (305 km of riparian
vegetation) and fragmented (342 patches) along the 2700 km of waterway surveyed within catchments where the species
occurs. Populations were predicted to be large on the Fitzroy, Durack and Drysdale catchments, and small on the Isdell and
northern Pentecost catchments, and a total population of 2834 to 4878 individuals could be supported. The sub-
populations spanned numerous patches of habitat across multiple properties of varying tenure. Therefore, a landscape-
scale approach to conservation management, across multiple tenures, is critical to safe-guard connectivity within
populations. The greatest benefit may be achieved by a combination of broad-scale actions to reduce the impact of
ubiquitous threatening processes, and fine-scale targeted effort in areas where populations are most vulnerable. Controlling
access of stock to waterways and management of fire are most important to conserve suitable habitat. Such a landscape-
scale approach to conservation may be of benefit to other patchily distributed species.
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Introduction
Conservation of species that are distributed across small and
isolated habitat patches presents specific challenges for managers.
The persistence of sub-divided populations is influenced by factors
operating at multiple scales [1,2]. This includes variation in fine-
scale factors such as the quality of habitat within patches [3,4], to
landscape-scale factors such as spatial arrangement and abun-
dance of habitat [5], the condition of the matrix [6,7], and
connectivity between isolated populations [8–10]. The extent to
which populations are affected by such processes is influenced by
the life-history of species and the landscape context [11].
In order to allocate conservation effort effectively at the level of
sub-populations, knowledge is required of factors influencing the
fine-scale distribution of populations [12], the spatial and temporal
variation in threatening processes [13,14], and the availability of
suitable habitat at a landscape-scale [15,16]. Here we present a
study which predicts patch-scale occurrence of the endangered
purple-crowned fairy-wren (Malurus coronatus coronatus) across a vast
landscape, to guide management actions for sub-populations that
are distributed across widely-dispersed habitat patches.
The purple-crowned fairy-wren (Malurus coronatus) is a riparian
habitat specialist that is restricted to small, widely-dispersed
patches of lush vegetation that grow along the waterways of
northern Australia. The species is pressured by the on-going
degradation and loss of riparian habitat caused by grazing and
trampling by introduced herbivores [17–19], weed incursion, and
frequent intense fires [20–22]. The Vulnerable [23] western sub-
species (Malurus coronatus coronatus) has continued to decrease in
distribution and abundance in response to these processes
[17,24,25].
Until recently, the distribution of the western purple-crowned
fairy-wren was poorly described due to the remoteness of the
region in which it occurs; available records were mostly limited to
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a very small number of well visited locations [25]. An extensive
survey for the species across the 14 catchments in the Kimberley
section of its range has addressed that knowledge gap: purple-
crowned fairy-wrens are distributed across a large number of small
habitat patches on widely dispersed waterways within five
catchments [25]. Birds on each of these five catchments are
genetically divergent (Skroblin unpublished data), indicating that
sub-populations are poorly connected and dispersal between
catchments is restricted.
Given their scattered distribution and population structure [25],
the species required a region-wide assessment of the extent and
location of populations to evaluate the most appropriate approach
to ensure the persistence of population processes and key sub-
populations. This study describes the fine-scale distribution of
suitable habitat to inform such an approach within the Kimberley
region of Western Australia. We use bird survey and vegetation
assessment data to develop a predictive model for assessing the
suitability of riparian vegetation for the purple-crowned fairy-wren
from aerial surveys. Using this tool, we then 1) estimate the extent
of suitable habitat in the region, 2) predict the location and size of
sub-populations, and 3) summarise the availability of habitat with
respect to land tenure (and thus potential variation in threats). This
information enables us to identify the most effective management
model for their long-term conservation, evaluate the risk of decline
of each subpopulation and assess whether any currently ‘unoccu-
pied’ waterways contain sufficient habitat for purple-crowned
fairy-wrens.
Materials and Methods
Ethics and permit statement
The field study protocols were approved by the Australian
National University Ethics Committee (F.BTZ. 07.07), and carried
out under permits from the Australian Bird and Bat Banding
Scheme (2770), and Western Australian State Government (WA:
BB002411). We thank landholders for their permission to access
the properties that were surveyed.
Survey design
The study was conducted in the Kimberley region of Western
Australia during the dry seasons of 2007 (May–Oct), 2008 (May–
Oct) and 2009 (July). We sought to map the distribution of a large
number of highly dispersed habitat patches in a region with very
limited road access. Ground surveys were therefore not possible.
Standard remote sensing techniques were also inadequate because
we needed to classify understorey vegetation beneath a canopy
[26,27]. Consequently, aerial survey using an R44 helicopter and
a handheld GPS (Garmin GPSmap 60, Schaffhausen, Switzer-
land) was found to be the most appropriate way to map and
describe the riparian vegetation.
In order to generate accurate estimates for habitat extent and
population sizes, the aerial surveys were geographically extensive.
They included all sections of waterways within the region where
the purple-crowned fairy-wren has been recorded (The Atlas of
Australian Birds, September 1998–July 2007, Birds Australia,
Melbourne; [17,25]), and all sections of waterway where dense
riparian vegetation could be identified from low-resolution satellite
images (Google Earth). Specifically, surveys traversed 1) all five
catchments where the species currently occurs (Fitzroy, Durack,
Isdell, Drysdale and Pentecost), 2) a section of the Ord catchment
from which the species recently disappeared, and 3) sections of
eight additional catchments (Sale-Berkelman, Forrest, Berkeley,
King George, Calder, Charnley and Carson) that may contain
suitable habitat, but on which purple-crowned fairy-wrens have
never been recorded [25]. Surveys did not include the Victoria
River section of the species distribution where habitat has been
previously surveyed [24], or rivers in the north-western Kimberley
(in the Prince Regent Nature Reserve and on the Mitchell Plateau)
that have often been visited by biologists and purple-crowned
fairy-wrens have never been recorded. In total, 47 sections of
waterway were surveyed (Table S1), and the surveys traversed 37
properties of varying tenure.
Vegetation mapping
In the study region, riparian vegetation grows as narrow belts
along rivers banks, thereby causing a linear arrangement of
territories of the purple-crowned fairy-wren, which strictly depend
on this vegetation [28,29]. Territory size is best measured as the
length of waterway held by a territorial group [28], and the length
of suitable habitat along a waterway determines the number of
territories that can be supported [17]. Based on this knowledge we
used riparian habitat patch length as our metric of habitat extent.
Vegetation attributes
Previous studies have identified the key vegetation characteris-
tics that are a pre-requisite for occupancy by purple-crowned fairy-
wrens. These are a dense mid-storey (of Pandanus and/or
freshwater mangrove, or river grass), which is important for
nesting and shelter, and a high canopy which acts as a temporary
refuge during the flooding events that often occur during the
summer monsoons [17,19,30]. We therefore mapped patches of
vegetation that contained both canopy and understorey structure.
We selected a simple set of mid-storey and canopy attributes
that could be reliably scored from aerial surveys. These were: the
percentage of bank covered with either: 1) Pandanus, 2) tall river
grasses (such as Chionachne cyanthopoda), and 3) shrubs; plus 4) the
canopy cover across a patch; and 5) the height of canopy in
relation to flood height. To enable surveys to be conducted
rapidly, we recorded predictors as categorical values (Table 1).
The location and extent of patches were recorded using a hand-
held GPS, and a geographic information system (ArcGIS V9.2,
ESRI) was used to determine the length of habitat patches, the
number of patches, the total extent of riparian vegetation for each
catchment, and to produce maps of vegetation configuration
[31,32].
Bird surveys
To develop the predictive habitat suitability model based on
aerial vegetation assessments, we conducted on-ground surveys for
the presence of purple-crowned fairy-wrens within vegetation
patches. Surveys were conducted within a subset (113) of the
aerially mapped patches on five catchments where the species
currently occurs [25]. We did not include sites from outside the
current distribution of the species, as absence from these areas may
be influenced by limits to colonisation rather than the suitability of
habitat [33].
We surveyed for purple-crowned fairy-wrens in a minimum of
three patches of vegetation on each section of river that was
mapped by air, giving preference to patches that were long enough
to contain territories (.300 m). Either the entire patch (if,1 km)
or a minimum of 1 km of riparian vegetation was surveyed in each
instance. In total, bird surveys were conducted within 79 patches
on the Fitzroy, five patches on the Isdell, 12 patches on the
Drysdale, three patches on the northern Pentecost, and 19 patches
on the Durack catchments (Figure 1). Surveys were conducted
following the reliable detection method of Skroblin and Legge
[25]. Briefly, we walked within or along the edge of riparian
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vegetation and broadcast M. c. coronatus territorial calls to assist in
detection of this highly territorial species [34].
Statistical data analysis
The data from the patches that were surveyed on-ground for the
presence of purple-crowned fairy-wrens were used to develop a
logistic model to predict the suitability of mapped riparian
vegetation. When developing this model, river grass cover was
not included as an explanatory variable because it was only
encountered at one of the patches that were surveyed on-ground,
and only detected at five patches during aerial mapping.
Modelling of habitat suitability was therefore limited to areas
containing Pandanus or shrub dominated habitat. Prior to
modelling, correlations between vegetation attributes were com-
puted and examined for multicollinearity. Analyses were conduct-
ed in GenStat 11.1 (VSN International).
Table 1. Vegetation attributes of patches recorded during aerial vegetation mapping.
Patch attribute Median (range) Description
Canopy height 5 (1–5) 1) Below flood level, 3) above flood level but ,10 m, 5) above flood level
and .10 m
Canopy cover 5 (1–5) Continuity of over-storey: 1) ,25%, 3) 25–75%, 5) .75%
Shrub cover 5 (1–5) Mid-storey other than Pandanus and river grass: 1) ,5%, 3) 5–50%, 5)
.50% bank covered
Pandanus cover 2 (1–5) Bank covered with Pandanus: 1) Absent, 2) ,25%, 3) 25–50%, 4) 50–75%,
5) .75%
River grass cover 1 (1–5) River grass cover: 1) none, 3) ,50% river grass cover, 5) .50%
doi:10.1371/journal.pone.0064942.t001
Figure 1. Riparian vegetation mapped during helicopter surveys of waterways in the Kimberley region of Western Australia. All
patches that were mapped contained both canopy and mid-storey structure. Waterways that were surveyed are described in Table S1. These
waterways were where sightings had previously been reported, and/or where riparian vegetation was discernable on low-resolution satellite imagery
(Google Earth). Not all waterways that were surveyed contained potential habitat. On-ground bird surveys were conducted in the patches that are
indicated in purple and orange. Only presence/absence data from catchments where the species has been confirmed to occur (Fitzroy, Durack, Isdell,
Drysdale and Pentecost) were used to generate the predictive model of habitat suitability.
doi:10.1371/journal.pone.0064942.g001
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We used generalized linear modelling (GLM) with binomial
error distribution and a logit link function [35] to evaluate the fit of
twelve combinations of the patch vegetation attributes in
explaining occurrence of the purple-crowned fairy-wren. These
combinations all contained a mid-storey parameter and a canopy
parameter, because both structures are known to be integral
components of suitable habitat. Our modelling approach used the
multi-modal inference framework [36], and employed the Akaike
Information Criterion adjusted for small sample size (AICc).
Firstly, Akaike weights [37] were calculated for each candidate
model relative to the likelihood of a model. An Akaike weight (vi),
is the weight of evidence in favour of a candidate model (i), being
the best approximating model in the set of models available. We
then obtained a 90% confidence set of plausible candidate models
by summing Akaike weights of models (from smallest to largest)
until the sum was $0.9. A weighted model-averaging approach
was then employed to calculate the summed Akaike weights for
each predictor variable and also the averaged partial regression
coefficients from the models within the 90% confidence set [36].
For a secondary measure of model rankings, Adjusted R2 was also
calculated [38]. Catchment was initially included as a random
term to account for spatial structure of sampling but did not
improve the fit of models to the data and was subsequently
excluded.
The final model, containing the model-averaged partial
regression coefficients, was fitted to the vegetation attributes of
every patch mapped during aerial surveys. We performed inverse
logistic transformation of the linear predictor to calculate habitat
suitability as values between zero and one [31]. To delineate
riparian vegetation into potentially suitable and unfavourable habitat,
we identified the minimum predicted habitat suitability score at
which purple-crowned fairy-wrens were found to be present
during bird surveys. This threshold was used to identify which
patches mapped during aerial surveys contained suitable habitat.
Only patches that were classified as potentially suitable were
included in summaries of habitat distribution across land tenure
types and in calculations of population estimates, below.
Distribution of suitable habitat across land tenure types
We summarized the availability of habitat with respect to land
tenure (in 2013) by assigning habitat to categories based on five
land tenures: 1) pastoral (pastoral land, including indigenous
managed); 2) vacant Crown Land; 3) conservation (National Parks
and Conservation Parks); 4) private conservation (Australian
Wildlife Conservancy land with a pastoral history that is now
managed for conservation); and 5) indigenous (indigenous land
reserves, excluding indigenous pastoral). Where habitat patches
were on waterways separating lands of differing tenure, the tenure
of highest theoretical impact was assigned, i.e. habitat between
conservation and pastoral land was assigned as pastoral.
Population estimates
We estimated the number of territories and absolute population
size that each catchment could potentially support, by combining
information on demographic data [25,28] with our map of suitable
habitat. Because estimation of population size is complicated by
variation in the number of birds within a territorial group and
variation in the length of territories, we estimated upper and lower
population estimates for each catchment to account for this
variation. We calculated: 1) upper and lower 95% confidence
intervals for the mean number of birds per territory (2.8 and 3.2)
from group size data for 167 purple-crowned fairy-wren territories
surveyed in the Kimberley region [25], 2) upper and lower
estimates of mean number of territories per kilometre (3.34 and 5)
using Rowley and Russell’s [28] estimate of territories being
between 200 to 300 m in length in the Kimberley region, and 3)
the resulting upper and lower mean number of birds per kilometre
of habitat (9.3 and 16). Absolute population size (N) was calculated
as the product of the mean number of birds per kilometre of
suitable habitat and the length of suitable habitat: N=average
birds per km6length suitable habitat
Results
Survey findings
We surveyed approximately 4000 km of waterway within the
Kimberley region, of which 490 km contained vegetation that
included a canopy and mid-storey structure (Table 2). The highest
extents of riparian vegetation were documented on rivers where
the species occurs: the Fitzroy (241 km), Durack (98 km), and
Drysdale (47 km) Rivers. Relatively little riparian vegetation was
documented on catchments where the species does not occur, with
the exception of the Carson catchment (61 km) (Table 2).
Model of habitat suitability
Correlations between vegetation attributes were all less than
r = 0.25 (Table 3) and thus multicollinearity between variables was
low. The best approximating multivariate model of habitat
suitability contained the predictors of shrub cover, Pandanus cover
and canopy height (GLM, df = 3, 112, deviance ratio = 5.11,
P= 0.002). This model had the lowest AICc value (Table 4);
however the Akaike weight of 0.28 for this model suggests
substantial model selection uncertainty. Moreover, support for the
second model was also strong with a 0.047 difference in Akaike
weights between the two (Table 4). Eight models were included in
the 90% confidence set of plausible candidate models (Table 4), so
the uncertainty of model 1 being the best model was considerable.
Hence it was appropriate to undertake model averaging within the
90% confidence set of models to develop a predictive model of
habitat suitability (Table 5).
The final model, which predicts habitat suitability scores
between zero and one, contained the model-averaged partial
regression coefficients (Table 5):
1{ 1=1zeY
 
~{11:561{0:014 canopy coverð Þ
z2:068 canopy heightð Þz0:381 shrub coverð Þ
z0:442 Pandanus densityð Þ
Our modelling approach indicated that a dense mid-storey of
shrubs and Pandanus, and high canopy and continuity of canopy
cover, when measured during helicopter survey, were appropriate
predictors of purple-crowned fairy-wren occurrence (assessed in
ground surveys) along the rivers surveyed in the Kimberley region
(Table 4). This model however would be inappropriate to assess
habitat suitability in areas where purple-crowned fairy-wren
habitat is characterized by an understorey of river grass, i.e. lower
Fitzroy River or Victoria River [19]. The most highly weighted
and thus important predictors of occurrence in our model were
shrub cover, Pandanus cover and canopy height, while canopy
cover was less important (Table 5). The slightly negative coefficient
of canopy cover (Table 5) may indicate that trees that are tall
enough to provide refuge from flooding grow at low density along
river verges. As 98% of fairy-wrens were detected in patches with
suitability .0.5, we identified this as a threshold to purple-
crowned fairy-wren occurrence. Thus we consider only patches
with .0.5 as suitable habitat, and all patches ,0.5 as being
unfavourable for the species.
Conservation of Malurus coronatus coronatus
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Distribution of suitable habitat
Catchments where purple-crowned fairy-wrens
occur. Of the catchments where the purple-crowned fairy-wren
occurs, the Fitzroy, Durack and Drysdale contained large extents
of suitable habitat, whereas the Isdell and northern Pentecost
catchments contained a limited amount of suitable habitat
(Figures 2 & 3). The vast majority of suitable habitat (77%) was
located on pastoral lands, with only 17% located on conservation
lands (private and government), and a small extent on vacant
Crown Land (6%). No indigenous lands were present within the
watersheds containing populations of purple-crowned fairy-wrens
(Figure 3). Most habitat occurring on conservation land was
located in three reserves: Mornington Wildlife Sanctuary (private
conservation; Fitzroy catchment), Drysdale National Park (con-
servation; Drysdale catchment), and King Leopold Conservation
Park (conservation; Isdell catchment).
In the Fitzroy catchment, 125 km (81%) of suitable habitat was
found on pastoral land and 29 km (19%) on conservation land
(mostly on Mornington Wildlife Sanctuary, with a small extent in
Geike Gorge National Park) (Figure 2). The majority of suitable
habitat was located in the mid to upper sections of the catchment,
on the Hann, Fitzroy, Adcock, and Throssell Rivers, as well as
Annie Creek. Areas to the south of Dimond Gorge contained
habitat that was generally unfavourable, with the exception of a
few stretches of high quality habitat on the Margaret and Leopold
Rivers (Figure 2).
Table 2. Summary of the extent of riparian vegetation mapped during aerial surveys of 14 catchments within the Kimberley
region.
Catchment PCFW Survey distance (km) Riparian vegetation (km) Number of patches
Fitzroy Y 1316 241 207
Isdell Y 236 12 23
Drysdale Y 566 47 60
Durack Y 641 98 113
Pentecost - north Y 25 3 5
Subtotal 2784 401 408
Ord N 367 0 0
Forrest N 88 2 5
Berkeley N 87 1.6 5
King George N 63 7.2 14
Sale N 41 2.6 4
Calder N 141 2.7 10
Charnley N 78 0 0
Pentecost - south N 174 11 21
Carson N 252 61 66
Subtotal 1213 88 125
Total 3997 490 533
Riparian vegetation that was mapped contained both canopy and mid-storey structure.
doi:10.1371/journal.pone.0064942.t002
Table 3. Correlations between patch attributes for
catchments within the current range of the purple-crowned
fairy-wren.
Canopy cover Canopy height Shrub cover
Canopy height 0.151
Shrub cover 0.118 0.229*
Pandanus cover 0.117 0.192* 0.077
*Significance level of P,0.05. N= 113.
doi:10.1371/journal.pone.0064942.t003
Table 4. Results of model selection using a multi-model
inference framework for habitat suitability of riparian
vegetation patches for the purple-crowned fairy-wren.
Rank
Explanatory
variables K AICc Di L(gi|x) vi AdjR
2
1 S+P+CH 4 116.62 0.00 1 0.280 10.44
2 S+P 3 116.99 0.37 0.83 0.233 9.31
3 S+P+CC+CH 5 118.56 1.94 0.38 0.106 9.66
4 S+CH 3 118.58 1.96 0.37 0.105 8.00
5 S+P+CC 4 118.97 2.35 0.31 0.087 8.49
6 P+CC 3 120.01 3.39 0.18 0.051 6.83
7 S 2 120.55 3.93 0.14 0.039 5.6
8 S+CC+CH 4 120.57 3.95 0.14 0.039 7.16
9 P+CC+CH 4 121.99 5.37 0.07 0.019 5.99
10 P 2 122.12 5.5 0.06 0.018 4.32
11 S+CC 3 122.52 5.9 0.05 0.015 4.76
12 P+CC 3 124.10 7.48 0.02 0.007 3.47
All evaluated models are shown, those above the line were included in the 90%
confidence set of models. The table shows the number of terms in the model
(K), Akaike Information Criteria adjusted for small sample size (AICc), AICc
differences (Di), the likelihood of model i given the data (L(gi|x)), Akaike weights
(vi), and Adjusted R-square (AdjR
2). Explanatory variables: S = shrubs;
P = Pandanus; CH= canopy height; CC = canopy cover.
doi:10.1371/journal.pone.0064942.t004
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The Durack catchment contained the second highest cumula-
tive length of suitable habitat (Figure 2). The majority of habitat
(76 km; 77%) was located on Karunjie (indigenous pastoral lease)
and Wood River (vacant Crown Land; 20 km, 21%), with a small
extent (1.4 km, 1%) on Marion Downs Wildlife Sanctuary (private
conservation). The third highest length of suitable habitat was
identified on the Drysdale catchment (Figure 2), where most
habitat occurred on pastoral land (24.5 km, 58%), with the
remainder (17.5 km, 42%) in Drysdale National Park (Figure 3).
The Isdell and northern sections of the Pentecost catchment
contained comparably little habitat (Figure 2). Suitable habitat
within the Isdell catchment was located on Bell Creek in the King
Leopold Conservation Park (5.4 km), on a section of the Isdell
River which forms a boundary between the eastern edge of the
Conservation Park and the Artesian Range Wildlife Sanctuary
(1.8 km) and on pastoral land (2 km). Within the area that was
mapped on the northern Pentecost catchment, the population of
purple-crowned fairy-wrens appears to be limited to five patches of
suitable habitat (totalling 3 km), all on pastoral land (Figure 2 & 3).
Catchments where purple-crowned fairy-wrens do not
occur. Suitable habitat was generally limited on catchments and
waterways where purple-crowned fairy-wrens do not occur
(Figure 2 & 3). For catchments that have never been known to
contain populations of purple-crowned fairy-wrens, no suitable
habitat was identified on the Charnley River, less than 5 km of
suitable habitat was identified on each of the Forrest, Berkeley,
Sale, and Calder, slightly more on the King George (7.3 km), and
a fairly extensive amount was identified on the Carson in the
northern Kimberley (38 km). Some habitat (11.8 km) was
identified on the southern Pentecost catchment where sightings
were previously reported [39]. No suitable habitat was mapped on
the Ord catchment (Table 2) where the species was regularly
reported until 2004 and now presumed extirpated [25].
Population estimates
We estimate that between 1013 and 1524 territories of purple-
crowned fairy-wrens equating to 2834 to 4878 individuals may be
supported by the extent of suitable habitat available to this species
in the Kimberley region (Table 6). Large populations were located
on the Fitzroy, Durack and Drysdale, and two smaller populations
were located on the Isdell and northern Pentecost catchments
(Table 6). Many of the catchments where the species does not
Table 5. Model averaged coefficients, standard errors and
weighting for each variable included in the 90% confidence
set of models.
Explanatory
terms Coefficient SE Weight
Constant 211.561 17.95
Canopy cover 20.014 0.08 0.246
Canopy height 2.068 3.51 0.619
Shrub cover 0.381 0.22 0.945
Pandanus cover 0.442 0.15 0.805
doi:10.1371/journal.pone.0064942.t005
Figure 2. The predicted extent of suitable habitat for the purple-crowned fairy-wren with land tenure. Catchments are designated
PCFW present if they belong to the current distribution of the purple-crowned fairy-wren, and PCFW absent if the species does not occur on them.
The Ord and Charnley Rivers, although surveyed, are not depicted as no suitable habitat was detected on these rivers.
doi:10.1371/journal.pone.0064942.g002
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occur contain habitat that could only support very small, and
perhaps unsustainable, populations. We estimate that only the
Carson could potentially support a large population (355–600
individuals; Table 6).
Discussion
Our survey shows that habitat suitable for the purple-crowned
fairy-wren was limited in extent and had an extremely patchy
distribution along waterways surveyed within the Kimberley
region. The five sub-populations of purple-crowned fairy-wrens
occurring in the Kimberley region were restricted to 305 km of
potentially suitable habitat that was dispersed as 342 patches along
2700 km of waterway (11% of the waterways; Table 6). Sub-
populations spanned multiple patches of habitat on each of the five
catchments where the species occurs, and the viability of each of
the five sub-populations was likely to vary depending on
population size and connectivity [40,41]. Populations most at risk
of extinction were the extremely small Isdell and northern
Pentecost sub-populations, while the larger Fitzroy, Durack and
Drysdale sub-populations were more secure.
Determinants of distribution
The distribution of the purple-crowned fairy-wren in the
Kimberley region appears to be influenced by the extent of
suitable habitat as well as barriers to dispersal. The species
occurred as three large populations (Fitzroy, Durack and Drysdale)
and two smaller populations (Isdell and northern Pentecost) on
catchments that are clustered in the central Kimberley. Habitat
was insufficient to support populations of fairy-wrens on the other
catchments that were surveyed (Forrest, Berkley, King George,
Sale, Calder, Charnley and Ord), except potentially for the Carson
and the southern section of the Pentecost catchments (Figure 2).
Although suitable habitat has been degraded within the Ord
catchment and on some waterways where purple-crowned fairy-
wrens occur [17,19], habitat appears to be naturally limited on the
northern coastal waterways (Forrest, Berkely, King George and
Carson) which are recognized as some of the least stressed
waterways in Australia [42].
In addition to the influence of habitat availability, the
distribution of the purple-crowned fairy-wren is likely affected by
its dispersal capabilities. Most purple-crowned fairy-wren dispersal
occurs along waterways (Skroblin unpublished data). In high
quality habitat average natal dispersal is less than 3 km of river
distance, with very rare movements of up to 70 km of river
distance (M. Hall unpublished data). Overland dispersal has not
been observed and is suggested by population genetics to be
uncommon (Skroblin unpublished data). It is doubtful therefore,
that the species is capable of colonising remote waterways. For
instance, colonisation of the Carson catchment, which contains a
Figure 3. The predicted location of suitable habitat for the purple-crowned fairy-wren within the Kimberley region. Only the rivers
where the species now occurs, or known to have previously occurred but has since disappeared, are indicated.
doi:10.1371/journal.pone.0064942.g003
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large extent of habitat (38 km), maybe impeded by the Carson
Escarpment and the Ashton Range, which separate the Carson
from the nearest population on the Drysdale River by an overland
distance of greater than 30 km.
The absence of the purple-crowned fairy-wren from the
southern Pentecost catchment may be influenced by both habitat
availability and dispersal capabilities. It is unclear how habitat
availability has changed on the Chamberlain River since large
numbers of the species were reported in the early 20th century
[39]. However, the current absence of the species from the
southern section of the catchment may be due to insufficient
habitat (12 km of habitat along approximately 100 km of
waterway) and/or an inability of the species to re-colonise through
the 100 km long Chamberlain Gorge which is naturally devoid of
riparian vegetation. Further research is required to investigate
whether other factors, such as patterns of habitat fragmentation
[8,43,44], may also limit occurrence of the species before assisted
colonisation or re-colonisation of areas lacking purple-crowned
fairy-wrens could be considered.
Conservation approach – regional-scale
Habitat for the purple-crowned fairy-wren occurs mainly on
pastoral land and was widely dispersed along waterways in the
Kimberley region. A conventional system of reserves will therefore
neither capture a large enough sub-population of wrens to ensure
their persistence, nor safeguard connectivity between sub-popula-
tions and thus the maintenance of key population processes such as
dispersal [45]. Moreover, the key threats to purple-crowned fairy-
wrens and other biodiversity in the Kimberley (changes in fire
patterns, introduced herbivores, feral cats, invasive weeds)
currently affect all tenures in the region more or less indiscrim-
inately, so that tenure designation as conservation land does not
necessarily confer protection unless actively managed [46].
Conservation of the purple-crowned fairy-wren requires im-
proved land management at a regional-scale to protect riparian
habitat across all tenures. It is likely that the persistence of many
other species in northern Australia, including those with cryptic
population structure, will require landscape-scale conservation
approaches [47,48]. This will entail cooperation among multiple
land holders to collaborate on stewardship for multiple goals,
including production, ecological sustainability and biodiversity
conservation [49,50]. The positive outcomes of such an approach
have already been demonstrated in the Kimberley region by two
programs in particular. The regional donkey control program
managed by the Department of Food and Agriculture Western
Australia has reduced the standing herd of donkeys in the region
from around 600,000 to less than 20,000 (M. Everrit, pers.comm.).
Similarly, EcoFire [51], is a partnership between landholders,
private conservation and government agencies to manage fire
cooperatively over 4 million hectares of the central and north
Kimberley. This project delivers a prescribed burning program
that has reduced the incidence of extensive, intense fires. An
associated monitoring program for selected biological indicators
has demonstrated, amongst other metrics, that the control of fire at
a focal monitoring site coincided with the expansion and
thickening of (fire-sensitive) riparian vegetation and an increase
in the population size of purple-crowned fairy-wrens [51].
Management directives
Landscape scale. The main threats to the riparian habitat of
purple-crowned fairy-wrens (introduced herbivores, frequent
intense fire, weed invasion) [17,19,24], are ubiquitous across the
savannahs and tenures of northern Australia [22,52,53]. Thus,
management goals for improving the persistence of purple-
crowned fairy-wrens and other riparian specialists are similar
across land tenures. Stock access to riparian areas needs to be
controlled and the incidence of intense fires needs to be reduced.
These management initiatives can benefit pastoral productivity as
well as biodiversity. Provisioning alternative water sources away
from waterways distributes grazing more uniformly and increases
pasture utilisation [54] while concurrently reducing the impact of
grazing and trampling on riparian vegetation structure [55–57],
channel morphology and water quality [58]. Reduced incidence of
intense fires will increase the availability of unburnt pasture for
cattle (Letnic 2004) and decrease the economic losses pastoralist
incur if it reduces the need for supplementary feeding and repairs
to damaged infrastructure [59,60].
Subpopulation scale. While conservation management of
the purple-crowned fairy-wren is best undertaken at a landscape
scale, conservation outcomes can be improved by directing specific
actions at the sub-population scale. The most urgent conservation
attention may be required by the small and isolated northern
Pentecost and Isdell sub-populations. Both these sub-populations
are genetically divergent and functionally isolated from other sub-
populations (Skroblin unpublished data), and therefore at height-
ened risk of extinction due to their size [40].
The remnant habitat on the northern Pentecost catchment may
support only 30 purple-crowned fairy-wrens (Table 6); a popula-
tion size that is unlikely to be viable. Although the habitat on the
Table 6. Estimates of the extent of suitable habitat and the
resulting theoretical number of purple-crowned fairy-wrens,
and their territories, that could occur on 14 catchments
surveyed within the Kimberley region.
Suitable habitat Territories N
Catchment Patches
Extent
(km) Lower Upper Lower Upper
PCFW present
Fitzroy 155 154 513 771 1434 2467
Isdell 21 9 30 46 85 147
Drysdale 50 42 140 212 393 677
Durack 111 97 324 486 905 1557
Pentecost N 5 3 6 9 17 30
Sub total 342 305 1013 1524 2834 4878
PCFW absent
Ord 0 0 0 0 0 0
Forrest 5 2 8 12 22 38
Berkeley 5 2 6 9 16 27
King George 14 7 24 37 67 115
Sale 4 3 9 14 25 43
Calder 10 3 9 14 26 45
Charnley 0 0 0 0 0 0
Pentecost S 21 12 39 59 109 188
Carson 53 38 126 191 355 611
Total 454 372 1234 1860 3455 5947
Population size estimates were based on the predicted extent of suitable
habitat within each catchment and information on group size and territory
length. Present = status of purple-crowned fairy-wren distribution within the
catchment; suitable habitat .0.5 HS; N= absolute population size. Lower and
upper estimates are based on 95% confidence intervals of average length of
territories and mean number of birds per territory.
doi:10.1371/journal.pone.0064942.t006
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Isdell may support a population that is several times larger than
that on the Pentecost (Table 6), it was also largely restricted to one
short section of waterway and thus at high risk of total degradation
through single fire or flood events [41]. The northern Pentecost
population occurs on pastoral land and could be protected by
fencing to exclude grazing and fine-scale managed burning around
habitat patches. The section of the Isdell population that occurs
within King Leopold Conservation Park and may be best
protected by heavily reducing the number of feral cattle and
through careful, fine-scale fire management to limit the risk of
extensive, intense fires affecting the riparian vegetation. The
outcome of these fine-scale conservation actions would be
enhanced by undertaking detailed on-ground surveys to assess
the location of territories, the quality of habitat and fine-scale
variation in threatening processes.
Although the other three populations on the Fitzroy, Durack
and Drysdale are larger and thus at lower risk of immediate
extinction, they are nevertheless threatened by continuing habitat
degradation. These populations occur across many habitat patches
on multiple properties and will thus benefit most from landscape-
scale approaches to reducing threatening processes. Controlling
access of stock to waterways and landscape management of fire
should allow any degraded riparian habitat on these catchments to
regenerate [61], and will help maintain the patches of high quality
habitat that occur there. Securing the high density populations in
the northern Fitzroy (on the Adcock, Hann, Throssell, Annie, and
tributaries) may be of higher benefit than investment in
populations in the southern part of the catchment where habitat
was more highly fragmented (Figure 3) and degraded [19], and
populations have already undergone significant decline. Once high
density populations are considered secure, conservation efforts
could consider rehabilitation and re-colonisation of areas where
the species has become extinct e.g. lower Fitzroy and Ord
catchment.
Conclusion
This study presents a rare regional assessment of the size and
distribution of a threatened species. It clearly indicates that
landscape-scale conservation effort, across multiple tenures, is
critical to preserving the widely dispersed and patchily distributed
purple-crowned fairy-wren within the Kimberley region. The
greatest benefit may be achieved by a combination of broad-scale
actions to reduce the impact of threatening processes across sub-
populations, and fine-scale targeted effort in areas where
populations are most vulnerable. To be successful, such off-reserve
approaches would require collaboration among multiple land-
holders with foreseeable benefits to both biodiversity and pastoral
production. Such a landscape-wide collaborative approach to
conservation may be vital for the protection of other species that
are patchily distributed (both naturally and anthropogenically).
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tion mapping in the Kimberley region. Latitude and Longitude is
in decimal degrees. PCFW refers to whether the purple-crowned
fairy-wren was detected.
(DOCX)
Acknowledgments
We thank three anonymous reviewers for their insightful
comments, as well as Andrew Cockburn and Michelle Hall for
helpful advice on earlier drafts. We thank many volunteers for
their enthusiasm, and Terry Webb for GIS support. The study was
based out of the WildlifeLink Centre for Research and Conser-
vation at Mornington Wildlife Sanctuary in the central Kimberley,
which is owned and managed for conservation by the Australian
Wildlife Conservancy.
Author Contributions
Conceived and designed the experiments: AS SL. Performed the
experiments: AS. Analyzed the data: AS. Contributed reagents/materi-
als/analysis tools: AS SL. Wrote the paper: AS SL.
References
1. Lee M, Fahrig L, Freemark K, Currie DJ (2002) Importance of patch scale vs
landscape scale on selected forest birds. Oikos 96: 110–118.
2. Garden J, McAlpine C, Possingham H (2010) Multi-scaled habitat consider-
ations for conserving urban biodiversity: native reptiles and small mammals in
Brisbane, Australia. Landscape Ecology 25: 1013–1028.
3. Jaquiery J, Guelat J, Broquet T, Berset-Brandli L, Pellegrini E, et al. (2008)
Habitat-Quality Effects on Metapopulation Dynamics in Greater White-
Toothed Shrews, Crocidura Russula. Ecology 89: 2777–2785.
4. Hirzel AH, Le Lay G (2008) Habitat suitability modelling and niche theory.
Journal of Applied Ecology 45: 1372–1381.
5. King AW, With KA (2002) Dispersal success on spatially structured landscapes:
when do spatial pattern and dispersal behavior really matter? Ecological
Modelling 147: 23–39.
6. Bender DJ, Fahrig L (2005) Matrix structure obscures the relationship between
interpatch movement and patch size and isolation. Ecology 86: 1023–1033.
7. Fischer J, Fazey I, Briese R, Lindenmayer DB (2005) Making the matrix matter:
challenges in Australian grazing landscapes. Biodiversity and Conservation 14:
561–578.
8. Prugh LR, Hodges KE, Sinclair ARE, Brashares JS (2008) Effect of habitat area
and isolation on fragmented animal populations. Proceedings of the National
Academy of Sciences of the United States of America 105: 20770–20775.
9. Betts MG, Forbes GJ, Diamond AW (2007) Thresholds in songbird occurrence
in relation to landscape structure. Conservation Biology 21: 1046–1058.
10. Fahrig L (2001) How much habitat is enough? Biological Conservation 100: 65–
74.
11. Dupre´ C, Ehrle´n J (2002) Habitat configuration, species traits and plant
distributions. Journal of Ecology 90: 796–805.
12. Arau´jo MB, Williams PH (2000) Selecting areas for species persistence using
occurrence data. Biological Conservation 96: 331–345.
13. Gaston K, Pressey R, Margules C (2002) Persistence and vulnerability:
Retaining biodiversity in the landscape and in protected areas. Journal of
Biosciences 27: 361–384.
14. Owens IPF, Bennett PM (2000) Ecological basis of extinction risk in birds:
Habitat loss versus human persecution and introduced predators. Proceedings of
the National Academy of Sciences of the United States of America 97: 12144–
12148.
15. Andren H (1994) Effects of habitat fragmentation on birds and mammals in
landscapes with different proportions of suitable habitat - a review. Oikos 71:
355–366.
16. Boulinier T, Nichols JD, Hines JE, Sauer JR, Flather CH, et al. (2001) Forest
Fragmentation and Bird Community Dynamics: Inference at Regional Scales.
Ecology 82: 1159–1169.
17. Rowley I (1993) The Purple-crowned Fairy-wren Malurus coronatus. I. History,
distribution and present status. Emu 93: 220–234.
18. DEC (2009) Protecting the Kimberley: A synthesis of scientific knowledge to
support conservation management in the Kimberley Region of Western
Australia. Perth: Department of Environment and Conservation.
19. Skroblin A, Legge S (2012) The influence of fine-scale habitat requirements and
riparian degradation on the distribution of the purple-crowned fairy-wren
(Malurus coronatus coronatus) in northern Australia. Austral Ecology 37: 874–884.
20. Woinarski JCZ (1990) Effects of fire on the bird communities of tropical
woodlands and open forests in northern Australia. Australian Journal of Ecology
15: 1–22.
21. Valentine LE, Schwarzkopf L, Johnson CN, Grice AC (2007) Burning season
influences the response of bird assemblages to fire in tropical savannas.
Biological Conservation 137: 90–101.
22. Russell-Smith J, Whitehead PJ, Williams RJ, Flannigan M (2003) Fire and
savanna landscapes in northern Australia: regional lessons and global challenges.
International Journal of Wildland Fire 12: 5–9.
Conservation of Malurus coronatus coronatus
PLOS ONE | www.plosone.org 9 May 2013 | Volume 8 | Issue 5 | e64942
23. Garnett ST, Szabo JK, Dutson G (2011) The action plan for Australian birds
2010. Melbourne: CSIRO
24. van Doorn A (2007) Ecology and Conservation fo the Purple-crowned Fairy-
wren (Malurus coronatus coronatus) in the Northern Territory, Australia. [PhD].
Gainsville: University of Florida.
25. Skroblin A, Legge S (2010) The distribution and status of the western subspecies
of the Purple-crowned Fairy-wren (Malurus coronatus coronatus). Emu 110: 339–
347.
26. Estes LD, Reillo PR, Mwangi AG, Okin GS, Shugart HH (2010) Remote
sensing of structural complexity indices for habitat and species distribution
modeling. Remote Sensing of Environment 114: 792–804.
27. Wang TJ, Skidmore AK, Toxopeus AG (2009) Improved understorey bamboo
cover mapping using a novel hybrid neural network and expert system.
International Journal of Remote Sensing 30: 965–981.
28. Rowley I, Russell E (1993) The Purple-crowned Fairy-wren Malurus coronatus II.
Breeding biology, social organisation, demography and management. Emu 93:
235–250.
29. Kingma SA, Hall ML, Segelbacher G, Peters A (2009) Radical loss of an
extreme extra-pair mating system. BMC Ecology 9:15.
30. van Doorn A, Low Choy J (2009) A description of the primary habitat of the
Purple-crowned Fairy-wren Malurus coronatus coronatus in the Victoria River
District, N.T. Northern Territory Naturalist 21: 24–33.
31. Guisan A, Zimmermann NE (2000) Predictive habitat distribution models in
ecology. Ecological Modelling 135: 147–186.
32. Gibson LA, Wilson BA, Cahill DM, Hill J (2004) Spatial prediction of rufous
bristlebird habitat in a coastal heathland: a GIS-based approach. Journal of
Applied Ecology 41: 213–223.
33. Theodorou K, Couvet SD (2009) Metapopulation persistence in fragmented
landscapes: significant interactions between genetic and demographic processess.
Journal of Evolutionary Biology 22: 152–162.
34. Hall ML, Peters A (2008) Coordination between the sexes for territorial defence
in a duetting fairy-wren. Animal Behaviour 76: 65–73.
35. McCulloch CE, Searle SR, Neuhaus JM (2008) Generalized, linear and mixed
models. Hoboken, N.J.: Wiley.
36. Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference.
A Practical Information-Theoretic Approach. New York, NY: Springer.
37. Akaike H (1974) A new look at the statistical model identification. IEEE
Transactions on Automatic Control 19: 716–723.
38. Mac Nally R (2000) Regression and model-building in conservation biology,
biogeography and ecology: The distinction between and reconciliation of
‘predictive’ and ‘explanatory’ models. Biodiversity and Conservation 9: 655–
671.
39. Barrett G, Silcocks A, Barry S, Cunningham R, Poulter R (2003) The New Atlas
of Australian Birds. Melbourne: Royal Australian Ornithologists Union.
40. Pimm SL, Jones HL, Diamond J (1988) On the risk of extinction. American
Naturalist 132: 757–785.
41. Holsinger KE (2000) Demography and extinction in small populations. In:
Young AG, Clarke GM, editors. Genetics, Demography and Viability of
Fragmented Populations. Cambridge: Cambridge University Press. pp.55–74.
42. National Land and Resources Audit (2002) Australian catchment, river and
estuary assessment 2002. Canberra: Natural Heritage Trust.
43. Wilson T, Johnson E, Bissonette J (2009) Relative importance of habitat area
and isolation for bird occurrence patterns in a naturally patchy landscape.
Landscape Ecology 24: 351–360.
44. Ritchie LE, Betts MG, Forbes G, Vernes K (2009) Effects of landscape
composition and configuration on northern flying squirrels in a forest mosaic.
Forest Ecology and Management 257: 1920–1929.
45. Soule´ ME, Mackey B, Recher HF, Williams JE, Woinarski JCZ, et al. (2006)
The role of connectivity in Australian conservation. In: Crooks KR, Sanjayan
M, editors. Connectivity Conservation: Cambridge University Press.
46. Carwardine J, O’Connor T, Legge S, Mackey B, Possingham HP, et al. (2011)
Priority threat management to protect Kimberley wildlife. Brisbane: CSIRO
Ecosystem Sciences.
47. Dickman CR, Predavec M, Downey FJ (1995) Long-range movements of small
mammals in arid Australia: implications for land management. Journal of Arid
Environments 31: 441–452.
48. Woinarski JCZ, Whitehead PJ, Bowman DMJS, Russell-Smith J (1992)
Conservation of Mobile Species in a Variable Environment: The Problem of
Reserve Design in the Northern Territory, Australia. Global Ecology and
Biogeography Letters 2: 1–10.
49. Hobbs RJ, Saunders DA (1991) Re-integrating fragmented landscapes - a
preliminary framework for the Western Australian wheatbelt. Journal of
Environmental Management 33: 161–167.
50. Morton SR, Stafford Smith DM, Friedel MH, Griffin GF, Pickup G (1995) The
stewardship of arid Australia: Ecology and landscape management. Journal of
Environmental Management 43: 195–217.
51. Legge S, Murphy S, Kingswood R, Maher B, Swan D (2011) EcoFire: restoring
the biodiversity values of the Kimberley region by managing fire. Ecological
Management & Restoration 12: 84–92.
52. Woinarski JCZ, Fisher A (2003) Conservation and the maintenance of
biodiversity in the rangelands. The Rangeland Journal 25: 157–171.
53. Yates CP, Edwards AC, Russell-Smith J (2008) Big fires and their ecological
impacts in Australian savannas: size and frequency matters. International
Journal of Wildland Fire 17: 768–781.
54. Hunt LP, Petty S, Cowley R, Fisher A, Ash AJ, et al. (2007) Factors affecting the
management of cattle grazing distribution in northern Australia: preliminary
observations on the effect of paddock size and water points. The Rangeland
Journal 29: 169–179.
55. Krueper D, Bart J, Terrell DR (2003) Response of vegetation and breeding birds
to the removal of cattle on the San Pedro River, Arizona (U.S.A). Conservation
Biology 17: 607–615.
56. Scott ML, Skagen SK, Merigliano MF (2003) Relating geomorphic change and
grazing to avian communities in riparian forests. Conservation Biology 17: 284–
296.
57. Jansen A, Robertson AI (2001) Riparian bird communities in relation to land
management practices in floodplain woodlands of south-eastern Australia.
Biological Conservation 100: 173–185.
58. Belsky AJ, Matzke A, Uselman S (1999) Survey of livestock influences on stream
and riparian ecosystems in the western United States. Journal of Soil and Water
Conservation 54: 419–431.
59. Drucker AG, Garnett ST, Luckert MK, Crowley GM, Gobius N (2008)
Manager-based valuations of alternative fire management regimes on Cape York
Peninsula, Australia. International Journal of Wildland Fire 17: 660–673.
60. Dyer R, Stafford Smith M (2003) Ecological and economic assessment of
prescribed burning impacts in semi-arid pastoral lands of northern Australia.
International Journal of Wildland Fire 12: 403–413.
61. Nelson KS, Gray EM, Evans JR (2011) Finding solutions for bird restoration and
livestock management: comparing grazing exclusion levels. Ecological Applica-
tions 21: 547–554.
Conservation of Malurus coronatus coronatus
PLOS ONE | www.plosone.org 10 May 2013 | Volume 8 | Issue 5 | e64942
